Overhead Transmissions Lines (OTL) are outdoor systems, which can easily be affected by weather fluctuation. In the worst-case scenario, temperature variation, horizontal wind and vertical ice-loading make the value of sag, tension and conductor (cable) length to vary between low to high extremes. The temperature and cable length variations have an effect on the resistance of the OTL. This variation leads to a variable voltage drop, which is mostly considered with load variation. In order to calculate resultant loading, sag, tension, cable length and resistances of an OTL, an uncertainty model based on Standard Affine Arithmetic (SAA) is proposed and the result is compared with the probabilistic Monte Carlo (MC) and Interval Arithmetic (IA) approaches. Based on the test results, the SAA based algorithm gives slightly conservative bound than the IA and MC approaches.
Introduction
Overhead transmission lines (OTLs) are a pathway for power transfer from the generation to substation and then to the customer side. The capability of an OTL depends on its strength against wind loading, ice loading and temperature variation [1] . The higher the wind pressure and the ice weight on the cable, the greater chance that the cable will break and transmission is disturbed. When the temperature increases, it has an effect not only on the cable breakage, but also on the current transmitted through the cable. The effect of the wind pressure and ice accumulation can result from increasing weight of the cable to a series of accidents like breakage of the line, falling of the tower or pole, creation of fire on forest and etc. The probability that the OTL can cause fire must be known in order to save life and property [2] . As a result, the worst-case effect of weather on the OTL must be dealt in detail before erecting the tower [3] . High wind blow and ice accumulation are much worse in cold regions. The accumulation of ice on the OTL happens suddenly when the temperature of the area is low. Sometimes, such accumulation of ice and wind pressure oscillate the cable from low to high amplitudes to the extent a flashover between cables can happen. The insulators and the towers may face huge impact due to the transient forces [4] .
The variation of ice accumulation on the cable and asynchronous ice shading create a non-uniform ice loading which has a high impact on the tension of the OTL, to the extent of breaking the line or bending of the tower [5] . Local winds in the form of tornadoes or hudhud cyclones, like the one happened in 2014 in Visakhapatnam, India, may result full scale line and tower damage. Sometimes such cyclones and tornado effect on the OTL are beyond the damage of cables and towers. In 2014, in Visakhapatnam, India, initially when the cyclones start there was a flash over between the lines and then the wind pressure increased to the extent of making the overall OTL out of usage.
According to [6] , the insulator length has less effect on the tower cross arm than the combined wind pressure, ice loading and the initial tension. The cross arms of the towers are initially designed to withstand both the wind pressure and ice loading, however with global weather changes the same area may face different loading than what has been predicted during the design stage.
OTLs play a great role for safe power delivery to the desired location. The initial design has to consider load capability of the line including environmental factors. Those factors and measuring devices value are not absolute rather they vary between low and high extreme seasonally and change from place to place [7] . A Weakly designed OTLs, which does not consider the worst-case scenario, are unable to deliver power to the substations reliably. This may lead to market loss or in the worst case it may results huge damage to the system. Though weather change is the main source of variation of OTL parameters, the error coming from measurement sensors is also a non-ignorable input uncertainty. The measuring ability of the sensor is also affected by weather changes and the aging of devices which finally results an uncertain output [8] .
The variation in OTL varies the voltage drop accordingly and the loss oscillates between high and low extreme resulting un reliable power delivery [9] .
As a result of the aforementioned variation of ice loading, wind loading and temperature variation, the overall OTL parameters cannot be calculated with certainty. Though the uncertainty model is applied by some researchers to calculate power flow analysis and transient stability analysis, little attention has been given to the sources of the uncertainty and uncertain OTL modeling. In this paper, the uncertainty model for calculating OTL loading, sag, tension, cable length and worst case resistance value that use Standard Affine Arithmetic (SAA) has been proposed. The proposed algorithm is tested by using case studies and comparison is also made to validate the proposed model. This paper is organized as follows: section two give an introduction about SAA with main mathematical principles; section three deals about the proposed mathematical model; section four is dedicated to result and discussions and finally section five gives the conclusion of the overall work.
Standard Affine Arithmetic
SAA is an extended or advanced version of Interval Arithmetic (IA) with the ability of tackling most of the drawbacks of IA. SAA like IA gives an enclosed output for the computed inputs. It takes into account all the uncertainties whether it is due to an input data error or round-off and truncation error happening during computation. Round-off and truncation errors are represented by unique symbolic variables when error happens [10, 11] . Generally, for any function "g" and "y" which are bounded, real and having the same sources of uncertainty, the affine form is given by (1) .
For any interval function U bounded by [u, û] and an affine function ĝ of (1b), the interval to affine form and the affine to interval form is given by (2) . Equation (2a) shows interval to affine conversion and (2b) shows affine to interval form conversion. Symbolic variables: -1≤ ε i ≤ 1
Ordinary operations in affine arithmetic are divided into affine and non-affine operations. Those operations which do not result in round-off and truncation errors are categorized under affine operations and those which can be rounded-off and truncated are categorized under non-affine operations [10] [11] [12] [13] . The basic affine and non-affine operations are formulated based on the affine functions in (1) and the main affine operations are given by (3) . Non-affine operations, like multiplication and division are approximated rather than directly analyzed. Multiplication, which is the most known non-affine operation is approximated by (4) . Generally, any non-affine operations on a single function can be approximated by Chebyshev formula given by (5) . The coefficients of (5) can be found from [10, 11, 14] .
In (3) α is a real number and in (5) the unique symbolic variable, ε n+1 is distinct from symbolic variable ε i .
Any differentiable and continuous function within its bound can be approximated by (5) for any non-affine operation on it [11, 14] .
Modeling OTL using SAA
The presence of uncertainty in OTL leads to the formulation of uncertainty based OTL analysis. The starting point in the analysis of any system using SAA is based on the basic equations that describe the system. In this section, the basic OTL analysis is dealt first and then the SAA based OTL analysis is formulated based on the basic governing OTL equations.
Basics of OTL
A short span OTL has the shape of a parabola as shown in Fig 1. All the OTL parameters, namely, total loading, cable sag, tension and cable length of a parabolic shaped OTL are developed based on Fig 1. In the figure, it is assumed that one half of the parabola is the mirror image of the other half. In other words, the two halves are symmetric to each other. All the basic equations for any short span OTL with parabolic shape are derived from this assumption [15] . The finding of the total loading of the cable, which is the result of, ice accumulation, wind pressure and bare cable weight is based on vector summation. The weight of bare cable and ice loading with an ice density of 57 lb/ft 3 are vertically downward from the center of the total mass. On the other hand, the wind pressure creates a horizontal force on the cable and results a horizontal loading. The resultant weight is then found by using the principle of vector addition [16] . Equation (6) contains the ice, wind and resultant loading per unit length of a cable respectively. The wind pressure in (6b) can be found from (7), where V wind is the blowing wind speed in (mph).
Temperature variation changes the sag from D 0 to D according to (8) and the cable length from L 0 to L according to (9) . The combined change of the cable length due to thermal expansion and elastic elongation is given by (10) .
Creep constant E Elastic modulus (MPsi) A Cable area (in 2 )
Substituting (9) into (10) results (11) and it can be solved by a root finding mechanism of a cubic polynomial function. The coefficients Γ 1 , Γ 2 , Γ 3 and Γ 4 are given by (12) . Using the loading result of (6c), the cubic function in (11) is used to find the final tension values. Among the three roots of (11), only one root has a real and positive value and it is considered as the tension of the OTL. For short span OTL with a shape of parabola shown in Fig 1, the tension "T" is the same as the horizontal tension "H" [16, 17] .
The fixed system model, (6-12) is only applicable when there is no consideration of uncertainty. If uncertainty is considered in calculating OTL sag, cable length, Tension, weight or impedance of the line, the fixed input parameter model must be extended to an interval input based analysis [15] [16] [17] . where t i and i are affine function, t i,0 and P w,0 are central terms, t i,n and P w,n are partial deviations. The noise symbol ε t,n and ε p,n represents the pertaining uncertainties of the ice thickness and the wind pressure respectively.
Substituting (13a) into (6a) and (6b), (13b) into (6b) then applying affine and non-affine operations found in (1-5) and finally substituting those results into (6c) brings the corresponding SAA based loading as given by (14) . The size of the approximation error depends on the number of non-affine operations. Each non-affine operation results at least one new symbolic variable.
Where, Ŵ i , Ŵ w , Ŵ R and W i,0 Ww,0 W R,,0 are affine forms and central values of the ice, wind and resultant loading of (14a-14c) respectively. Wit,n, (W wp,n and W wt,n ), (W RP,n and W Rt,n ) are the partial deviations of the ice, wind and resultant loading of (14a-14c) respectively. Wie,n , Wwe,n, W Re,n , and ε i,n, ε w,n ε R,n are partial deviation of the new symbolic variables and the new noise variables of the ice, wind and resultant loading of (14a-14c) respectively. The symbolic variable ε R,n contains ε i,n , ε w,n and new approximation errors.
Once the resultant loading is known, the next step is evaluation of (11) at each boundary value of the resultant weight at the respective temperatures. Evaluating the cubic root of (11) results a boundary value of horizontal tension and after conversion by using (2a), it becomes as shown in (15) .
where Ĥ c is the affine form, h c,o is the central value, h c,n is the partial deviation and ε h,n is the symbolic variable of the tension.
For short span OTL with the shape of parabola, the horizontal tension is the same as tension T. As a result, once the horizontal tension is known, the sag of the line can be found by inserting the resultant loading of (14) and the tension of (15) into (8b) and applying affine and non-affine operation of (1-5). The final sag of the line is then given by (16) .
where c represents the affine form, d c,0 represents central value, d cp,n , d ct,n , d ch,n and d ce,n represents the partial deviations due to wind pressure, ice thickness, tension and non-affine operations respectively. The symbolic variable due to non-affine operation, ε s,n , contains the new and all approximation errors previously found. Once the sag is known the cable length of the OTL can be found directly by inserting (16) into (9b) with the constants and applying the affine and non-affine operation in (1-5) results (17) .
where c represents the affine form of the cable length, l c,0 represents central value, l cp,n , l ct,n , l ch,n and l ce,n represents the partial deviations due to wind pressure, ice thickness tension and non-affine operations of the OTL cable length respectively. Similar to (16) symbolic variable, ε l,n contains the new and all approximation errors previously calculated in finding the length of the cable.
Results and Discussions
In order to validate the proposed SAA based OTL parameter calculation, in the presence of input uncertainty, a test case containing twenty-four different temperature variations are used. The temperature is selected between two extremes below the freezing point of water and the corresponding wind pressure and ice thickness is tabulated accordingly as shown in table I. A flat 20 % of uncertainty diameter is considered on the temperature, wind pressure and ice thickness. A drake conductor is used to verify the proposed algorithm.
The main constants, which are used in finding all the variables for Drake conductors, are as follows:
A=0.7264 in 2 , S=700 ft, W b =1.094 lb/ft, E=11.2 Mpsi, α T =10.6*10-6/0F, H 0 =7875 lb, e c =0, k=0. The DC and AC resistance of the ASCR Drake conductor at 68 o F and 167 °F, are 0.0214 mΩ/ft and 0.0263 mΩ/ft respectively. The temperature coefficient of resistance is 0.002383/ o F. The initial tension is chosen according to the NESC recommendations limit with the worst-case condition value which is found in [15] . The resistance value from the temperature change, can be calculated using the formula: R=R 0 (1+ α T ΔT) and tabulated along with input variables in table 1. R 0 is the DC and AC resistance value given at 68 o F and 167 °F respectively. It is clear that nothing is certain in the temperature varying environment for OTL and thus adapting a model which considers such uncertainty is mandatory. The question to be answered is whether the proposed method is effective in considering uncertainty than tradition mechanism or not. In order to answer such a question, a Monte Carlo (MC) and Interval arithmetic (IA) based algorithms are used for comparison purpose. All the three mechanisms are implemented using MATLAB. The MC approach is simulated for 10,000 trial values in order to get non-varying results. Table 2 shows the resultant weight of the three algorithms. The resultant weight is the combination of the bare cable weight, the ice and wind loading. As mentioned earlier, the affine form of the total weight can be found from (14c). As shown in Table 2 , the SAA based result is slightly inclusive of both MC and IA results. Since the aim of uncertainty based analysis is finding the worst-case results, as opposed to the punctual method in (6) (7) (8) (9) (10) (11) (12) , the slight inclusiveness can be considered as one of the benefits of SAA. Table 3 -5 shows the OTL tension, sag and cable length respectively. The tension of the OTL is affected by the total weight of the cable and the temperature changes. Depending on their values, one is dominant over the other. In table 3, the higher bound corresponds to the first row for each algorithm and it is due to the lower temperature and the upper weight. Similarly, the lower bound corresponds to the second row for the three algorithms and it is due to the upper bound temperature and lower bound weight. Similarly, as shown in table 3 the SAA result is slightly conservative than both MC and IA approaches.
The sag and conductor length based on SAA in table 4 and 5 is conservative than the IA and MC approaches. Both the sag and conductor length decrease with the increase of the environmental temperature, which drastically decreases the effect of the ice loading. Table 6 and 7 show the DC and AC resistances in the span respectively. The resistance change for 20% temperature uncertainty is found in table 1. From table 1 input data, it is clear that when the temperature increases the resistance of the cable decreases.
The result in table 6 and 7 show not only the effect of temperature change on the change of the resistance value, but also the effect of OTL cable length change on the overall resistance of the cable in each span of the OTL. The SAA based total resistance value in the span based on the cable length in table 5 is slightly conservative than the other two methods. It has been discussed, as the SAA method is inclusive of both IA and MC based results since it considers uncertainties better than both of them.
Beside the computational advantage of IA over MC approach, in terms of memory space usage and convergence, the conservative nature of the end result is a point worth to be mentioned. A slightly more conservative result than the MC and IA approach is found with the application of SAA. In all the tables, the two probabilistic approach results are conserved inside the SAA results. The main reason behind its slight conservative of SAA over the other is, it keeps the relation between variables and preserves the correlation among them until the end result is found. Unlike IA, SAA does not suffer from dependency problem and take care of the round-off and truncation errors better than IA to provide worst case scenario results. Moreover, the MC approach considers the probability distribution function which underestimate the worst-case output. In order to show the self-validating nature of SAA, different percent of uncertainty is used and the result is depicted in Fig 2. A fixed output result of table 1 input without uncertainty is also simulated and plotted with uncertain results . Fig 2 result shows for any percent of uncertainty, the fixed input result is conserved around the mid of the uncertain input result. A higher percent of uncertainty results a wider bound and vice versa. For increasing temperature and pressure while ice thickness decreases the total weight decreases accordingly. In all the results of Fig 2, except the tension, the lower bounds result corresponds to lower bound input and the upper bound result corresponds to the upper bound input. For the particular case study input in table 1, when the value of temperature and wind pressure increases down from case one to twenty-four, the ice thickness decreases. The resultant weight in Fig 2 decreases from case one to twenty-four. This indicates that as the resultant weight depends highly on the ice thickness than the wind pressure for the particular case study. On the other hand, the OTL tension increases from case one to twenty-four and hence its dependency on the resultant weight is less than the temperature change. Since the sag is directly proportional to the decreasing resultant weight and inversely proportional to the increasing OTL tension, the final sag decreases from case one to twenty-four. Decreasing sag results decreasing conductor length. The DC and AC resistance from case one to twenty-four decreases according to the decreasing conductor length.
To elaborate the conservative nature of SAA over MC and IA approach, the maximum value of the deviation from the fixed result for different percent of uncertainty is shown in Fig 3. The result shows that the SAA based result is slightly conservative than the MC and IA based approaches for all percent of uncertainty considered. From the table values and graphs, it can be concluded that uncertainty based analysis gives flexibility of getting the worst-case results which includes all intermediate values whose inputs are bounded inside table 1 inputs for different diameter of uncertainty. 
Conclusion
Due to the advancement in smart grid technology, the old thinking about only load varies significantly than a generation and OTL parameters become an outdated topic.
The effect of temperature change on OTL overloading, sag, tension, cable length and resistances have been presented in this paper. The proposed SAA based approach is validated using MC and IA approach as a conservative algorithm than both of them. In terms of time consumption both SAA and IA simulation are effective than the probabilistic MC approach which takes 10,000 trials to converge. Based on the tabulated and graphed results, SAA approach is slightly conservative than IA and MC approaches. This is mainly due to its ability to consider all sorts of uncertainty and tracks the relationship between variable than IA and MC approaches.
The variability of the results from case one to twenty-four shows that deterministic approach fails to give worst-case results of OTL parameters in a single calculation. The proposed algorithm can be extended to study the capacitance and inductance of OTL with temperature variation.
